The e + e − → π + π − π + π − cross section has been measured using 5.8 pb −1 of integrated luminosity collected with the CMD-2 detector at the VEPP-2M collider. Analysis of the data with a refined efficiency determination and use of both threeand four-track events allowed doubling of a data sample and reduction of systematic errors to 5-7%.
TOTAL CROSS SECTION OF THE PROCESS
will improve the accuracy of the calculation of the hadronic contribution to the muon anomalous magnetic moment [ 1, 2] and provide an important input to tests of the relation between the cross sections of the process e + e − → 4π and the differential rate of the τ ± → (4π) ± ν τ decay following from the conservation of the vector current and isospin symmetry [ 2, 3] . As one of the possible decay modes of the isovector vector states, a four-pion final state and various mechanisms of its production can provide information on the properties of the ρ excitations as well as shed light on the problem of existence of light exotic states (hybrids) between 1000 and 2000 MeV [ 4, 5] .
Although the process e + e − → 2π + 2π − has been extensively studied before in the c.m.energy range 1000-1400 MeV by various groups at the VEPP-2M collider in Novosibirsk [ 6, 7, 8, 9, 10] , the scatter of the obtained results as well as their systematic uncertainties are rather big. In the previous analysis of this process at CMD-2, which was focused on its dynamics, we reported on the first observation of the a 1 (1260)π dominance [ 9] . Later this result was confirmed by the CLEO [ 11] and SND [ 10] groups. In this paper we present a new analysis of the same data sample based on 5.8 pb −1 of integrated luminosity collected at CMD-2 at 36 energy points in the 980-1380
MeV range with a 10 MeV step. A new reconstruction algorithm combined with refined detector calibrations and an update of the integrated luminosity [ 12] as well as use of both three-and four-track events for the cross section determination allowed a new measurement of the cross section with smaller statistical and systematic uncertainties. The values of the cross section obtained in this work supersede our previous results in [ 9] .
The general purpose detector CMD-2 has been described in detail elsewhere [ 13] . Its tracking system consists of a cylindrical drift chamber (DC) and double-layer multiwire proportional Z-chamber, both also used for a trigger, and both inside a thin (0.38 X 0 ) superconducting solenoid with a field of 1 T. The barrel CsI calorimeter with a thickness of 8.1 X 0 is placed outside the solenoid and the end-cap BGO calorimeter with a thickness of 13.4 X 0 is placed inside the solenoid. The luminosity is measured using events of Bhabha scattering at large angles [ 14] .
Candidates for the process under study were selected from a data sample containing three and more charged tracks reconstructed in the DC and possessing the following properties:
• A track contains more than six points in the R-φ plane.
• A track momentum does not exceed a beam momentum by more than 10%.
• A minimum distance from the track to the beam axis in the R-φ plane is less than 0.5 cm.
• A minimum distance from the track to the center of the interaction region along Z is less than 10 cm.
• A track has a polar angle θ big enough to cross half of the DC radius and produce enough hits of the DC wires for a good track reconstruction.
Events with three and four tracks satisfying the above requirements were considered as candidates for the e + e − → π + π − π + π − process. About 26200 four-track events and 22800 three-track events were selected. The number of events with five or more selected tracks was found to be negligible. Reconstructed momenta and angles of the tracks for four-track events were used for further selection. Figure 1 presents various distributions for selected events at 2E beam =1380 MeV.
The following cuts are additionally applied to further suppress background events. A requirement for a minimum angle between two tracks in the R-φ plane to be greater than 0.1 radian removes background events from the processes e + e − → π + π − π 0 (π 0 ) with photon conversion to an e + e − pair, see Fig. 1(a) . A requirement for a maximum angle between two tracks in the R-φ plane to be less than 3.0 radian suppresses background from the K + K − pair production (kaons have a high probability to decay inside the DC and produce additional tracks) and cosmic showers, see Fig with ω and η decays to π + π − π 0 ), which results in a lower total energy because of a missing π 0 . The contributions of these channels are shown in Fig. 2(a) by the hatched and cross-hatched histograms, respectively, and the histograms were obtained from simulation and the values of the corresponding cross sections measured at CMD-2 [ 15] . The applied cut E tot > 2E beam − 130 MeV shown by the vertical line almost completely removes these events. The missing mass squared distribution after this cut is shown in Fig. 2 (b) in comparison with simulation. For four-track events the remaining background is estimated to be less than 1%.
To increase the data sample and improve a systematic uncertainty related to the efficiency determination, a sample of events with three selected tracks was additionally used to determine the number of four-pion events with one missing track. A track can be lost for one of the following reasons: it flies at small polar angles outside the efficient DC region, decays in flight, because of incorrect reconstruction, due to nuclear interactions, by overlapping with another track. From energy-momentum conservation the direction and momentum of a missing track can be calculated assuming a four-pion final state. The reconstructed momentum vectors were used to apply the additional requirements on the angles between two tracks in the R-φ plane described above. Figure 3(a) shows the cos(θ) distribution for a missing pion after the cuts on the angles between two tracks. It can be seen that most of the three-track events have a fourth track flying at small angles with respect to the beam axis and not detected by the DC. In some cases the missing track is inside the DC acceptance but does not meet the selection criteria.
The three-track event sample has higher background than the four-track one, but events corresponding to the four-pion final state could be separated by requiring that a missing particle have the charged pion mass. The distribution of missing mass squared for threetrack events is shown in Fig. 3(b) and exhibits a clear signal at the pion mass that can be attributed to four-pion events. The background in this sample comes mostly from five-pion events and beam-gas interactions. The latter source results in a relatively flat distribution over missing mass and can be estimated from the events in the 7.0 < |Z| < 10.0 cm region (the longitudinal size of the collision region has r.m.s. about 2 cm). This contribution is shown by the hatched histogram in Fig. 3(b) . The contribution from five-pion events estimated from the MC simulation is shown by the cross-hatched histogram in Fig. 3(b) .
To obtain the number of four-pion events from a three-track sample, the distribution shown in Fig. 3 (b) was fit with a sum of functions describing a pion peak and background. The pion peak line shape was taken from simulation of the four-pion process and had a Gaussian shape with a small radiative tail. All parameters of this function were fixed except for the number of events. A second order polynomial with all free parameters was used for background. As a result of the fit, the number of four-pion events in the three-track sample was determined.
To check stability of the background subtraction procedure, the number of four-pion events was independently estimated by statistical subtraction of background shown in Fig. 3(b) . This procedure gives results consistent with those from the fit, but has slightly higher errors in the number of four-pion events. The 2% variation in the number of events between the two subtraction procedures was taken as an estimate of a systematic error.
About 20550 four-track and 17180 three-track events survive at this stage of selection.
The number of four-and three-track events determined at each energy is listed in Table 1 . 
Detection efficiency from simulation
The detailed study of the process dynamics performed in [ 9] showed that the a 1 (1260)π intermediate mechanism dominates the final state with four charged pions. Various observed distributions were investigated in that analysis to search for a possible admixture of some other mechanisms like ρf 0 (600), a 2 (1320)π, π(1300)π etc. It was shown that the a 1 (1260)π by itself can account for the observed spectra although a small admixture of other mechanisms can not be excluded. The highest upper limit for a possible admixture, equal to 15%, was obtained for the π(1300)π model. Therefore, for Monte Carlo simulation and studies of the detection efficiency (acceptance) we used the a 1 (1260)π and π(1300)π models described in [ 9] . The two-pion invariant mass experimental spectra shown in Fig. 4 The detection efficiency was determined from MC simulation using both four-and three-track events. It should be pointed out that in this case possible data-MC inconsistencies in the description of the DC inefficiency and (partly) in the model-dependent angular distributions are compensated, because in case of an undetected track an event migrates from the four-to the three-track sample. MC simulation was performed at nine energy points from 980 to 1380 MeV and 30000 events were generated at each of these points. The detection efficiency thus obtained monotonously grows from 42.6% to 49.6% in the energy range studied. Its values at each energy point shown in Table 1 were calculated using the polynomial approximation of the detection efficiency determined at the nine points mentioned above. Its statistical error is less than 1%.
Cross Section Calculation
At each energy the cross section was calculated as
where L is the integrated luminosity for this energy point, ǫ is the detection efficiency obtained from the MC simulation and (1 + δ) is the radiative correction calculated according to [ 16] . The charged trigger efficiency was studied in Ref. [ 17] where it was shown that for two tracks the trigger efficiency was (98.3 ± 0.9 ± 0.5)%. Since only one charged track is sufficient for a trigger, we assume that for multitrack events considered in this analysis the trigger efficiency is close to 100%.
The integrated luminosity, the number of four and three-track events, detection efficiency, radiative correction and obtained cross section for each energy point are listed in Table 1 . Table 1 also contains a so called vacuum polarization correction factor |1 − Π(2E beam )| 2 , where Π(2E beam ) is the polarization operator. Multiplying it by the "dressed" cross section presented in Table 1 , one obtains the "bare" cross section to be used in dispersion integral calculations (see, e.g., the discussion in Ref. [ 12] ).
Systematic errors
The following sources of systematic uncertainties were considered.
• The model dependence of the acceptance is determined by the angular distribution, which is specific for each particular model. Therefore, we compared results of the cross section calculation for different cos(θ) cuts in two models of the final state production: the dominant a 1 (1260)π mechanism and π(1300)π, which admixture at the 15% level, as discussed above, was not excluded by the analysis in [ 9] . The resulting systematic uncertainty caused by model and angular cut dependence is estimated as 3%.
• A systematic error because of the selection criteria other than the angular cuts was studied by varying the cuts described previously and doesn't exceed 2%.
• The uncertainty in the determination of the integrated luminosity comes from the selection criteria of Bhabha events, radiative corrections and calibrations of DC and CsI and does not exceed 2% [ 14] .
• The contribution of the uncertainty of the charged trigger inefficiency studied with [ 17] appears to be much less than 1% and can be neglected.
• A possible uncertainty in the beam energy was studied using the momentum distribution of Bhabha events and total energy of four-pion events. The uncertainty at the level of 10 −3 was not excluded and because of the relatively fast cross section variation it can result in a 1% change of the cross section.
• A radiative correction uncertainty was estimated as about 1% mainly due to the uncertainty in the maximum allowed energy of the emitted photon at the integration of the formulae from [ 16] as well as the accuracy of these formulae.
• The uncertainty because of background subtraction for four-track (three-track) events is estimated as 1% (2%) above 1100 MeV growing to 5% below 1100 MeV for both types of events. At low energy the cross sections of the processes e + e − → π + π − π 0 and e + e − → π + π − 2π 0 dominating the background are considerably higher than that of the process under study.
The above systematic uncertainties summed in quadrature give an overall systematic error of about 5% above 1100 MeV and about 7% below 1100 MeV. This uncertainty is common (energy-independent) for most of the energy range studied. Some energy-dependent contribution to the total experimental uncertainty is possible below 1100 MeV, but there the systematic error is much smaller than a statistical one.
Discussion
From Fig. 5 it is clear that the obtained values of the cross section are consistent with the results of the precise measurement performed by the SND group [ 10] . They are also in good agreement with the other previous experiments in the energy range studied [ 6, 7, 8] . The three-track events used in this analysis allowed a significant increase of the data sample and improvement of the systematic uncertainties.
The rapid growth of the cross section with energy is apparently due to the ρ(1450) and ρ(1700). The maximum energy of our experiment is insufficient for a quantitative study of these resonances which parameters are currently known with rather bad precision [ 18] . We hope that future experiments at the VEPP-2000 collider currently under construction in Novosibirsk [ 19] will allow a detailed investigation of both 4π final states from threshold to 2000 MeV.
Let us estimate the implication of our results for the corresponding contribution to , the leading order hadronic term in the muon anomalous magnetic moment. To this end we calculate its value in the c.m.energy range studied in this work (from 1040 to 1380 MeV) using recent precise data from SND and CMD-2 and compare it to that based on the previous e + e − measurements [ 6, 7, 8] in Table 2 .
The first line of the Table (Old data) of these two estimates. For convenience, we list separately statistical and systematic uncertainties in the second column while the third one gives the total error obtained by adding them in quadrature. One can see that the estimate based on the new data is in good agreement with that coming from the old data. Because of the large number of energy points in all the measurements at VEPP-2M, an overall statistical error is much smaller than a corresponding systematic uncertainty for both old and new data. The statistical precision of the new measurements with SND and CMD-2 is three times of the considered channel and the energy range from 980 to 1380 MeV is small, in combination with the π + π − 2π 0 final state the 4π production is responsible for about 57% of the contribution to a had,LO µ from the hadronic continuum below 2000 MeV, i.e. production of hadrons not from the ρ, ω and φ. Therefore, significant improvement of the precision of its cross section is of extreme importance for the interpretation of the current and future measurements of the muon anomalous magnetic moment [ 20] .
Conclusion
The total cross section of the process e + e − → π + π − π + π − has been measured using 5.8 pb −1 of integrated luminosity collected with the CMD-2 detector at the VEPP-2M e + e − collider. The new refined analysis based on the extraction of the detector efficiency from three-and four-track event samples results in a factor of two larger data sample and allows reduction of systematic errors. The observed production mechanism is consistent with the a 1 (1260)π intermediate state. The values of the obtained cross section are in good agreement with all other experiments in the energy range studied and supersede our previous results based on the same data sample [ 9] .
